Introduction
The significance of the large intestine in nutrition is now well recognized. In some species it has a major role in energy and nitrogen balance; in all species it is important to fluid and electrolyte metabolism [ll. Because of its special functions, the epithelium can serve as a model for study of water and ionic transfer processes and analogies between large intestinal and renal tubular epithelium may be drawn. Hitherto, many studies of the epithelium have treated it as a black box with descriptions of net transfer and bidirectional movements, yet with little account of the processes occurring within the epithelium itself. The inadequacies of this approach become evident as the action of many diverse influences such as hormones, local hormones, neurotransmitters and drugs, which can influence colonic function, are recognized. Lately there has emerged increasing interest in methods which allow the intimate details of water and ionic movements to be examined. One approach is through predominantly biophysical methods and the present brief account deals with some of the findings of these studies directed towards defining the pathways and forces involved in water and ionic transfers.
Water absorption
The earliest problem of intra-epithelial mechanisms to be tackled was that of water absorption. A considerable amount of water. is normally absorbed by the 'large intestine. In man, for example, it is roughly equal to the amount ingested. Moreover, by using continuous infusion into the colon of conscious individuals, in both animal and human experiments, absorption may increase several fold before diarrhoea is produced [2, 31. These experimental obsetvations have some practical significance in indicating the potential of the colon as a route of water and electrolyte administration in clinical practice.
Recognition that water could be absorbed even against a water activity gradient as, for example, when the intraluminal solution was moderately hyperosmotic with respect to the plasma, led at first to the idea that water was actively trans- primary activity driving the movement of fluid and most other ions. The transepithelial potential difference (p.d.), y , , , appears to be largely generated by the sodium transport and the p.d. itself is of considerable importance to the movement of other ions through the paracellular pathway [91. Animal studies using microelectrode and various other techniques 111, 121 have given insight into the transcellular pathway. Sodium entry from the lumen into the intracellular sodium transport pool depends on the electrochemical gradient across the mucosal membrane (Fig. 2) . The provision of energy is only necessary on the serosal side to remove sodium from the cell against the electrochemical gradient and, appropriately (Na+, K+-activated)-adenosine triphosphatase (ATPase) appears to be localized in the basolateral membranes [7, 131 . These sodium pumps are not usually rate-limiting in absorption. Aldosterone and amphotericin, for example, can quickly increase sodium transfer rate without producing any evident change of (Na+,K+-activated)-ATPase activity [ 14, 151 . The ratelimiting step, therefore, lies in the mucosal membrane which possesses at least two types of pathway for sodium; one can be blocked by amiloride, the other cannot 116, 17, 181. The amiloride-sensitive channels are particularly dependent on mineralocorticoids as will be discussed in more detail subsequently. The p.d.
across the mucosal membrane [(w,,,,) , about 35-50 mV1 provides the principal force forsodium entry 111, 121. This p.d. depends on the electromotive force (e.m.f.) generated by the sodium pumps of the basolateral membranes, the relatively good conductance of the paracellular pathway ensuring that the potential drop occurs largely across the mucosal membrane [191. Thus there is coupling between sodium entry to the transport pool and its exit by active extrusion.
In some species, at least, a proportion of the sodium movement across the mucosal membrane appears to be coupled to chloride movement 1201. This probably is largely responsible for the effect of substituting sulphate for chloride which can substantially reduce absorption without much change of p.d. 131. The mucosal membrane is then of considerable significance to sodium absorption yet little is precisely known of its properties; not even, for instance, whether hydrophilic channels or carrier mechanisms are involved in the ionic movements.
Potassium
Potassium concentration in faecal fluid is relatively high, usually exceeding 50 mmolll. Although the p.d. favours development of an intraluminal potassium concentration several times that of the blood, the p.d. cannot be more than a minor factor in the intact animal. In man, for example, the average normal p.d. is about 35 mV, which can support an intraluminal potassium of only 16 mmolll. The fact that conditions are not at equilibrium is obviously important. Water is absorbed as the contents pas: through the colon and potassium-rich cells and mucus are added from the epithelium. But it remains questionable whether these additional fact01 2 can adequately account for the high level of faecal potassium. Studies .of epithelial function have not fully resolved the problem although in some parts of the large intestine, at least, particularly the distal colon and rectum, potassium concentrations reached in solutions placed in dialysis tubes within the lumen of the empty bowel considerably exceed those expected from the electrochemical gradient 1211. Moreover in some experiments in vivo, in which dietary potassium intake has been increased, a considerable rise in secretion of potassium has been found without much p.d. change 1131. Studies in vitro have, however, given conflicting results 122,231 so that, although uphill transport of potassium has sometimes been demonstrated, this has not been a uniform finding.
One characteristic of colonic epithelium that has been generally observed, both in vitro and in vivo, concerns the relative apparent permeabilities of sodium and potassium. If we assume for the moment that the fluxes of sodium and potassium from blood into the lumen are by passive diffusion, dependent therefore on the plasma concentrations "a], and [KIP, as the electrical gradient acts similarly on the cations, the permeability ratio PK/PNa is given by PK Jh "alp
For human distal colon and rectum, PKIPNa ratio calculated in this way was 40 1241. The corresponding figures for the rat and rabbit distal colon were about 9 and 10 respectively 19, 101. If the potassium flux into the lumen is entirely from passive diffusion from the blood through the paracellular pathway, then these results indicate that, in the distal part of the colon at least, the paracellular pathway has a relatively high selectivity to potassium. But other experimental evidence suggests that this interpretation is not correct. First, when the potassium concentration in the lumen is varied, only small changes of transepithelial p.d. are produced [25,261, whereas relatively large diffusion potentials would be anticipated. Secondly, when the transepithelial transit times are measured 1101 most ions, Na+, C1-and I-for example, have a mean transit time of about 30 s with a single unimodal distribution of times consistent with simple diffusion via the paracellular pathway. Potassium, conversely, has a mean transit time of 290 s and the distribution of times appears bimodal. The results may be interpreted in terms of two components comprising Jfm. One, the smaller component, passes by diffusion through the paracellular pathway and the other, a much larger component, passes through a potassium-selective pathway, possibly a transcellular route. The latter appears to account for the relatively high epithelial permeability to potassium and may be important to the uphill movement of potassium into the lumen observed in some of the studies mentioned above.
Chloride and bicarbonate
Chloride concentration falls as the gut contents pass through the colon.. Bidirectional fluxes of chloride are fairly similar in magnitude to those of sodium but the orientation of the p.d. tends to promote chloride absorption. Much of the chloride absorbed must therefore be through the paracellular route, a passive consequence of the electrochemical gradient. In a review of chloride transport by gastrointestinal epithelia, Schultz [271 concluded that in the intestine there was no definite evidence that active chloride movement occurred and that where uphill chloride transport had been observed this was energized by coupling to flow of sodium or bicarbonate. This coupling appears to occur in the large intestine probably to a variable extent in different regions and circumstances. Perfusion studies have demonstrated an interrelationship of a component of chloride absorption with bicarbonate secretion by the epithelium which appears similar to that of the small intestine [281. In addition, as discussed above, there is evidence of some coupling of sodium and chloride absorption. Chloride absorption therefore appears to involve several mechanisms ( Fig. 1) and it is not surprising that the chloride concentration in faecal fluid may fall considerably below that expected from the observed transepithelial electrochemical gradient.
The considerable colonic bicarbonate secretion has been long established 129, 301 and the final concentration in the lumen may considerably exceed that in the plasma. In the intact animal, however, production of organic acids in the gut contents by bacteria prevents much bicarbonate accumulation. Bicarbonate secretion depends markedly on the presence of chloride in the lumen consistent with the concept of an exchange mechanism [3 11. This notion receives support from the findings in congenital chloridorrhoea in which colonic secretion of bicarbonate and absorption of chloride are impaired, suggesting malfunction of the putative Cl--HCO,-carrier [32, 331. But the situation is not simple. Argenzio & Whipp 1341, for example, have shown that acetate, one of the three common short-chain fatty acids found naturally in faeces will, in pig colon at least, also promote bicarbonate secretion. Bicarbonate derived from carbon dioxide hydration may also be associated with the addition of H+ to the lumen. The latter by reacting w i t h the anions of short-chain fatty acids in the micro-environment of the epithelial cells can produce diffusible fatty acids and so may serve a significant role in absorption of short-chain fatty acids, particularly in some species. There is little doubt that these interrelationships of C1-, HCO,-and Hf movements will be subject to increasing scrutiny in the future.
Paracellular pathway
Colonic epithelium behaves as an ohmic resistance of about 200-400 C2/cm2, and it therefore just qualifies as a tight epithelium 1351. The resistance reflects the extent of the shunt provided by the paracellular pathway. Tight epithelia are characteristically associated with the development of considerable transepithelial chemical gradients such as occur in the colon, particularly in its distal part. The lumen-toplasma sodium flux, J,,, can be regarded as having two components: an active one (aJ,J believed to be transcellular, and a passive component (pJ,J, passing through the paracellular route, as shown by eqn. (1).
J,": = a JE: + p JE:
(1) In the absence of stimulated secretion J,"," appears to be entirely a passive flux by the paracellular route and so pJZ: can be estimated in vivo from the unidirectional fluxes and the p.d.
by applying the flux-ratio equation 1361 . Hence, where [Nal, and "alp are the concentrations in lumen and plasma respectively. With experiments in uifro, the potential term becomes one when the preparation is shortcircuited and vms set at zero. The proportion of the total sodium flux which passes through the paracellular route can be estimated from eqn. (2). Results obtained from rat distal colon 1371 analysed in this way show that about 30% of the total flux J,"," is paracellular. As the orientation of p.d. favours chloride flow towards the blood, the proportion of chloride passing through the paracellular route is greater, of the order probably of SO-60% of the total J&, although because there is some exchange diffusion [4,91 the estimate is less precise. In contrast, in the ileum of rabbit, considered to be a leaky epithelium, 85% or more of the ionic transfer is by the paracellular pathway 1381.
Secretion
The large intestine can be provoked to secrete water and electrolytes. A variety of inducers have been described varying from bile salts and various fatty acids to some bacterial toxins and non-specific inflammations 1391. Of the many neurohumoral substances located in the gut, vasoactive intestinal polypeptide, secretin and acetylcholine all appear to promote secretion 140, 411. Such diverse influences probably act on a Colonic water and ionic transfers 26 1 final common intracellular path; both the adenylate cyclase systems t421 and intracellular CaZ+ may be involved as in other epithelia [43, 441. Alteration in epithelial permeability, in effect, a loosening of the tight junctions, was also found when colonic mucosa was exposed to agents which cause secretion 1451. Some secretion may therefore be due to 'ultrafiltration' of fluid through the paracellular channels. Secretion has also been correlated with evident damage to the epithelial cells 1461.
As already noted, ideas about water-soluble linked absorption have become fairly well formulated in relation to the composition and electrical gradients of the epithelial cells and the architecture of the epithelium. But this is far from true of secretion. The epithelial cells that are normally absorptive would, it seems, have to undergo a major rearrangement of electrochemical gradients to change into secreting cells. Moreover, in the absence of an evident structural basis, the nature of the coupling between water and solute is still obscure. One possible solution is to suppose that secretion takes place from an entirely different group of cells, the crypt cells for example, as the findings of Browning et al. 1411 suggest. If the crypt cells were primarily responsible for secretion, osmotic equilibration might occur in the crypts themselves. As indicated above, however, several processes may be involved in secretion and possibly contribute to a varying extent when secretion is provoked by different agents.
Hormonal effects
A variety of hormones, 'local' hormones and neurohormones have been shown to influence the absorptive and secretory mechanisms of the large intestine. For the most part, their significance remains obscure and little attention has as yet been given to the way the transfer pathways are affected. But for the adrenal hormones, considerably more is known. Aldosterone, for example, reduces sodium and increases potassium in the faeces, stimulating sodium absorption and potassium secretion by the epithelium (reviewed by Levin [471) . Rat studies showed that aldosterone induces amiloride-sensitive pathways which are absent from the epithelial cells of adrenalectomized rats 117, 181. Thus, if adrenalectomized rats are treated with aldosterone, amiloride in low concentration within the lumen will then rapidly and reversibly reduce sodium absorption indicating an action on the sodium conducting channels in the mucosal membrane of the epithelial cell. The effect is evident within 2-3 h of aldosterone administration strongly suggesting that induction of the amiloride-sensitive sodium pathways is a primary event in aldosterone action. These pathways are presumably responsible for the increased sodium entry to the transport pool. Using [14C3amiloride, Cuthbert & Shum [481 showed reversible binding to mucosal membrane sites of toad-bladder epithelium with modulation by aldosterone. Their K,,, values for the interaction were of a similar order of magnitude to those found in the colonic transport experiments. All these observations support the concept of the mucosal membrane as the ratelimiting barrier for sodium absorption and show the importance of aldosterone in inducing some specific form of pathway in the mucosal membrane. The precise significance of this pathway, however, remains to be determined. One further relevant finding is that in piglets stimulation of the colonic epithelium by aldosterone during the first few days of life plays an important pakt in'the maturation of the sodium absorbing mechanisms and the development of amiloride-sensitive pathways [161. Conversely, studies on rat colon indicated that the amiloride-sensitive pathways were not involved with potassium movements, the reduced potassium secretion after amiloride exposure being a consequence of the fall of the sodiumdependent transepithelial p.d. [ 181. The initial findings indicated, however, that when aldosterone stimulation was prolonged, the selective potassium pathway was modified, probably due to increased potassium permeability of the mucosal membrane barrier. This effect appeared independent of that of aldosterone on the amiloride-sensitive sodium pathways. Thus the selective potassium pathway and these sodium pathways are apparently independent.
Colonic diseases
As already indicated, the large intestine has a substantial reserve so that, if diarrhoea is to occur with primary small intestinal disease, there must be a large increase in fluid delivered by the ileum or various agents, such as some bile or fatty acids, must be present in the ileal effluent. However, epithelial pathology itself may cause disorder of absorption or promote secretion. Some enterotoxins can promote secretion [491 and in colitis even when the epithelium is intact, there is generally marked reduction of active sodium absorption and of the transepithelial p.d. while the bidirectional fluxes are considerably ele-vated, indicating increased ionic flow through the paracellular pathway [50, 5 11. Some more recent studies suggest that prostaglandins probably released by the inflammatory process may be important intermediaries in this change of epithelial function [521.
Some laxative drugs, for example bisacodyl and phenolphthalein, also appear to act through the intermediary of prostaglandins [531. As yet too little is known about the way in which the transport pathways and driving forces themselves are modified in these conditions. The increased epithelial 'leakiness' probably indicates a loosening of the tight junctions and many intraluminal agents, such as bile acids and toxic substances like cyanide, which adversely affect epithelial function, also produce similar 'leakiness'. The integrity of the tight junctions presumably depends on the state of the epithelial cells and a loosening of the junctions may reflect a preliminary step towards extensive cell shedding and ulceration.
Conclusion
Considerable progress has been made towards delineating the pathways of movement of water and ions across colonic epithelium and defining the forces involved. Many substances and conditions are being identified as modulating colonic absorption and. secretion, developments which underline the importance of clarifying the numerous obscurities in the current concepts of the mechanisms of these processes. The main direction of future work will almost certainly be towards improving understanding by analyses of the underlying changes in the pathways and relevant forces. The development and exploitation of new techniques are vital to this endeavour.
